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Abstract

Cathode erosion is onc of the life-limiting mechanisis in several classes of electiic thrusters.
Since cathode crosion depends strongly on the cathode temperature, a quantitativeunder -
standing of the effects of cathode operation on the cathode temperature js required. A pure
tungsten cathode wyg sucessfully gperated in an argon discharge at pressures of 1.5 and 3. 0 kPa
and current levels of 600, 1000 and 1400 A. T'he cathode temperature profiles were repeatable
with the pure tungsten cathode in contrast to previous test using thoriated tungsten cathodes.
Excellent agreement was observed between the two measurement techniques, Increases in the
operating current and/or decreases in the pressure resulted primarily in increases in the arc
attachment arca with small inereases in the cathode tip temperature. The Variation of the
attachment arca with current and pressure was characterized by measuring the intensity dis -
tribution of an argon ion line near the cathode surface. A approximately linear relationship
was obscerved between the current density and the cathode temperature. Also, an approxi-
mately linear relationship was observed between the effective work function and the cathode
temperature. Excellent agreement w as scen between the experimental data and the model
predictions.

Introduction

The service life of thermionic cathodes is important for a nuwmnber of high current discharge devices,
particularly several classes of clectric thrusters such as electrothermal arcjets and magnetopl astmadynamic
(MPD) engines. Low thrust levels dictate burn times of several thousan d Lours, and the cathodes of these
devices are often the li fe-limiting component. High-current cathod og are subject to failure iwdes which can
be classified as cither event consequent ot the result of damage accumulation.  Event consequ ent failures,
suchas cathode melting as aresult of excessive resistive heating, arc the result of a single catastrophic event
and can be adequately characterized by testing alone. However, it is impracticalto characterize the failure
risk associated with damage ascumulat oy failure modes by testing alone because of the extremely long test
durations required to observethe failures Validation of cathode service life under conditions where damage
accumulation fallure modes arc critical therefore must rely heavily onmodeling of the physics of failure. The
role of testing is to identify the critical failure thodes, validate the models of failure and provide in formation
on the model input parameters sucl | as matet ja] propert jes and operating environment.

High current cathodes arc being studicd at the Jet Propulsion Laboratory as part of the Advanced
Propulsion Concepts program. The goal o { the progranais to develop long-lived cathodes and the analytical
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tools to validate their service life. Cathode erosion, which appea s to be the dominant damage accunulat jon
failure mode, has been shown to depend strongly on the cathode temperature [1], Therefore, part of this
study is intended to provide a simple tricans of predicting the cathiode temperature for var ious thruster
operating conditions. In addition, the thermal characteristics of the electrodes must be knownto cotnpute
the overall thruster thermal loads to the spacecraft. Models must also provide the appropriate boundary
conditions at the cathode surface for models of the operating characteristics of the thruster. For example,
the current contours within the magnetoplasmad ynamic thruster cannot be specified independently of the
cathode temperature distribution because the majority of the current is from thermionic emission. Since the
cathode model boundary conditions also depend onthe characteristics of the matn plasina, the two models
must be ultimately coupled to obtainan overall model of the cat hode region of the thruster.

A series of models describing the cathode and plasmainteraction arc being developed. The cat hodemodel
consists of two parts, naely a near-cathode plasma model and a thermal model of the cathode[2,3,4,5]. The
necar-cathode plasima model connects the properties o f the main plasma with the cathode.  Specifically,
given the plasia properties within a mean-free-path of the surface, the near-cathode model predicts the
hicat flux arid currentdensity to the cathode surface. Withthese boundary conditions and the traditional
thermal transport mechanisis, the therinal model can 13rt’ diet the temperature distribution within the
cathode. Because of the interdependency of the two models, they must be solved simultancously. The input
parameters used by the model for the plasia consist 0 { the sheath voltage, the pressure, the 1onization
energy of the gas, theionass, the surface work function, arid the surface temperature. The arc attachment
area is also specified to himit the total current, which is calculated using the given at tachment arca arid the
calculated current density distribution. The thermal model inputs consist of the base temperature or heat
flux, the convection cocflicient and cuvironmental temperature, the surface emittance and environinental
teiperature, and the material thermal conductivity and resist.iviiy. A series of thermalmodels have been
developed with different levels of approximation. ‘Fhe nonlincarities of the system equations can present
numerical difliculties. The simpler, one-dimensional models cari be used to provide start ing points for the
more complete two dimensional models, significautly reducing the computat ional time required. Although
the quasi- two diiensional models provide a good first approximation, a two dimensional model is required
for adetailed understanding of the processes involved.

The focus of (he experituental part of the prograin is to test new cathiode comice pts, identify the ctitical
failure mechanisms, provide a database of mcasurements to validate the cathode models, arid deterimine
the values of the critical miodel drivers suct | as work furiction and gas pressure. The purpose of this papcr
is to present a database of temperature profiles recently obtained over arange of ambient pressures arid
current levels fora cylindrical pure tungsten cathode. A significant variation in the cathode temperature
distribution was observed in previous experuments using thoriated tungsten cathodes [6, "/,8]. Inaddition,
the size of the attachment area andelectron temperature were characterized to provide inputs 10 subsequent
modeling efforts.

Experimental Apparatus

The cathode test facility is show Il inthe diagraminFig (1) Thestainless sted vacuuin chamber is O 5m
in diameter and 2.4 m lon g and is composed of 4 water cooled cylindrical segments. In addition, a wate -
cooled coppet liner has been inserted in the middle two segments to permit long-duration operation. As the
schematic in Fig (2) shows, the first segmend forins the discharge chamber. A water-cooled, ring-shaped
copper anode with adiameterof 7.6 cin is mounted on a flange located between and electrically isolated from
the first two tankscgments. The cathode fixture mounted onthe vacuum chamber dooris composed of two
coaxial tubes clectrically isolated from eachy other and the door with micarta rings. Theinner tube serves
as the cathode current feed and has a water- cooled cap on the end to which t he cathode is clamped. The
outer tube is electrically floating and has a water-cc)c)lcd copper disk mounted outhe end with anaperture
through which the cathode protrudes. The propellant gas is injected between the two tub es and flows into
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Figure 1. Diagram of the cathode test facility

the discharge chamber through an annulus around the base of the cathode. Theinterelectrode gap is set
by the thickness of a spacer in the cathode assembly. The cathodes used in this investigation were rods of
2 percent th oriated tungsten 76 mm long aud 9.5 tun in diameter with hemispherical tips. The last tank
scg nent contains aheat exchangermade of water - cooled, finned coppert ubing to cool the exhaust bhefore it
enters the pumping system. The tank has a number of ports which provide optical access to the dischiarge
chamber as well as the plume. Inaddition, the cathode and the discharge canbe viewed along the tank axis
throuplia window at the rear of the tank.

The vacuuin chamber is pumped by a 610 1/s Roots blower backed by a 140 1/s Stokes mechanical pump.
The system is capable of achieving @ vacuum of less than 0.13 Pa withno propellant flow andapproximately
80 I’a with anargon flow rate of 0.75 g/s. Higher ambient gas pressures arc achieved by throttling the
puinping speed with a valve on a by pass around the main vacuum valve.  The ambient pressure ca n be
controlled to within approximately 4 30 70 Pa The arc is powered by two Miller welding power supplies,
cachof whichcanprovide 1500 A at a load voltage of 40 V continuously or 2000 A at 40 V with a 50 percent
duty cycle. Theinitial arc breakdown is accomplished with a4 A, 850 V start supply.

The factory shuntsin the Miller welders have beenreplaced with precision shunts thatare used to monitor
the arc curtent. The terininal voltage is measured at the current feedthroughs into the tank. 'The propellant
flow rate is mcasured with a Sierra Instruments Side-"Irak Model 83[1 flow 1icter and a Micromnotion Model
D6 flow meter and controlled with a throttling valve located just upsticam of theinlet tothe cathode fixture.
The flow meter output was calibrated by mecasuring the mass loss froran argon bottle as a function of tire.
Three M} '(S Barotron capacitance manometers withranges of 0 133 I's, 0 1.3 x 10°I's, and 0 1.3x10° I'a
arc used Lo momtor pressures. The three transducers are mounted in a single manifold with two input tubes.
One line measures the tank pressure through a feedthrough on the chamber door. These parameters and a
number of facility temperatures arc recorded with a computer system

A CIDTEC ?2250-1) Charge Injection Device (CID) camnera was ¢ b osen as an optical pyrometric sensot
to measure the two dimensional temperature ficld 011 the cathode. The system optics are composed of two
mterference filters with a 10 ni bandpass centered at 632.811111 and along pass filter with acutofi wavelength
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Figure 2: Schematic of the clectrode configuration

of 570 mn The camera lens ap erture is fixed at a relatively small value of f/4and neutral density filters are
used to control the image intensity. The imaging array has 512x 512 CI) detectors whichare tcad outat
a maximuin rate of thirty times per second, These values arc converted to an analog, signal, which is then
further processed and output as a normal video signal by the camera electronics. The video signal is digitized
by aData Translation 1) '1 '-2862 8-bit frame-grabberboard, which yiclds a final value between 0 and 255
corresponding to the incident power. Fhie camnera output was calib rated as a function of incident radiance
using, a tungsten ribboun lamp. The calibration procedure and a detatled error analysis for the temp crature
measurcments arc discussed in [6]. A surface emttance value of about O 57 was used for al therinal data
analysis based 011 measurements madein Ref. [6].

In the experiments the camera and optics were mounted outside the chamber about 39.5 cm from the
cathode. The video output from the camera was digitizedto provide rea time monitoring of the temperature
distribution. One line in video memory chosen to correspond to the axis of the cathode was sampled from
cachframe. A givennuinber of lines were averaged, displayedin real timme, andperiodically stored on disk.

The camera was also used to study the extent of the aic attachientregion. Two interference filters with
a 10 um bandpass centered at 488 nimwere used tosclect radiation from anintense argonion line. 15 ntire
images of the cathode and near-cathode disel jarge region were then capt ured with the frame grabber board
and analyzed to yield the lateral intensity distribution. 'Thesemeasurements were used to calculate anupper
bou ud on the arc attachment area and the average cvir reit density in the attachiment zorie. The intensity
scans were then Abelinverted to produce radial emittance profiles [9]. Filtering of the data was done within
the Abel inversion routine using a FIR Blackman windowed filter.,

Experimental Results

A series of experiments were performed using a pure tungsten -cathode to eluninate the spatial and
temporalvariations in the surface work function that were observed with t hie thoriated tungsten cathodes [8,
9. The tests were performed using argon gas at pressurce levels of 1.5 and 3.() kP’a, and for currents of 600,
1000 and 1400” A. The pressure waslimitedto 3.0 kPaand below hecause the model predicted that cathiode
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Figure 3 Pure tungst en cathode profiles.

melting would occur for the higher pressures and the high cathiode tip temperatures measured during the
tests confinmed this.

The cathode initially had a hemispher ically shaped tip that became more “bullet shaped” as the tests
procecded. 'The ini tial and final profile shapes are shownin Fig. (3). Sonie of the material that evap orated
fromthe sides wasredep osited on the tip. The iuitial tip growth rate, determined frou the camera images,
was approximately 0.4 mm/hr but the rate had slowed 10 about 0.1mm/hr at the end of the first series of
tests. Cathode temperature and electron temperature scans were perforined during each of the firs t series
of tests, which lasted about three to six hours each. Negligible grow th was observed during the second and
third series of tests. The second and third series of tests lasted about one hour eac b, just long enough to
obtain cathode temperature profiles. The pure tungsten cathiode reached thermal equilibrium (> 90 percent
of final value) in two to three camera scans (30 seconds between scans) compared to about one hour for the
thoriated tungsten cathiodes. The long cquilibration titne for the thoriated tungsten cathodes is probably
due to thorium migration on the surface {7,h].

The temperature profiles, shown in Figs. (4) and(5), for the second and third series of tests indicate that
there is 800t repeatability in the cathode temperature measurements. The temmperature profiles from the first
series of tests were not used because of both the changing tip shape and a sjnall shiftin the transimittance of
the window used for the imaging camera. The transmittance shift was probably due to tungsten evaporated
from the cathiode depositing on t he window because cleaning the window restored t hie transmit tance to its
original valuec. No change in the window transmittance was observed duiring the camera calibrations that
followed thesecondand third series of tests. All of the axia temperature profiles decrease monatonically as
one 1hoves from the cathode tip towards thebase. T'hisshape was also seen for the 4.5 and 6.() kPa cases
with thoriated tungsten cathodes, but for the 1.5 and 3.0 kPa cases a maximum in the temperature profiles
existed a short distance from the tip [8, 5]. As showniuPig. (4) arid Pig (5) increasing the current causes an
increase in the cathode temperatures away from the tip but does not significantly affect the tip temperature.
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Figure 4: Pure tungsten cathode axial temperature profiles for atank pressure of 1.5 kPa with current as a
parameter.

That is, the attachinent arca increases more than the cathode temperature, or current density. Tests were
linited to pressures of 3.0 kPaandless because for higher pressures the model predicted that the cathode
tip would melt.

T'he markers shown wit i error bars in the cathode temperature plots are t he measurements made with
the Leeds aud Northrup disappearing filament optical pyrometer. There is excellent agrecinent between
the disappearing filament pyrometer measureinents and the mage camera measurements. This confirins
that the camera is accurately determining the cathode temperature. At the cathode tip the disappearing
filament pyrometer measurements are consistently low because these temperatures arc unear the upper end
of its mcasurement range where it is less accurate. The spat ial error bars are conservat ive estitnates for the
instrument pointing. The measuremeuts could he accurately repeated for the locations near the cathode tip
and the two furthest fror nthe tip because marks on the cathode ade them casy to locate. Thic spatial
crror bars arc based on thie second and third points which were more diflicult to locate. The temperature
error bars are based on a conservative estiinate of b percentaccuracy [10,1 1]. The errorbars for the camera
temperature profiles, that are located on the left side of the plot, were sized at 43 percent [6,5]. A spatial
error of plus or minus one pixel (0.298 nun) was used for all of the cameraimages  Both instruments and
their respective vacuuin tank windows were calibrated using the same black body calibration source.

The effect of changes inthe tank pressurc on the temperature profiles is shownin Fig. (6). Increasing
the tank pressure raises the cathode tip temperature slightly and lowers the temperatures further from the
t.ii), The same effect was observed in the thoriated tungsten cathode tests [5].

The extent of the arc attachmment zone is animportant parameter in the niod el because it determines
what fraction of the boundary is subjected to the arc heat inputsaudit is used computationally to limnit
the total currentto the desired value. It is, of course, very difficult tomeasurc directly the surface current
density or the heat fluxes |1 these experiinents filter phiotography and emission spectroscopy were used to
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Iigure 7: Distribution of the 488 nin Ar 11 linetutensity distributionat 6(KI A and1.5kPa for a purctungsten
cathode.

resolve theregions of mostintense argonionline emission and an estimate of the attachment area 011 the
cathode surface.

Fxample contour plots of the 488 nin brightness levels are shownin Figs. (7) and (8). The contour levels
represent the same brightness value for each plot. The first five contour levels arc shown with higher values in
merements of five units. The largest gradients for both cathodematenials tested arc onthe side of the cathode
near the tip. However, the gradients for the pure tungsten cathode are not as large or as concentrated as in
the thoriated tungsten tests [8,5]. This indicates that the arc attachiment is not as concentrated with pure
tungsten as is expected from its larger work function. Also, increasing the current causes contours of any
specific value to move closer to thebase. That is, the arcattachment area increases with increasing current.
The maximum contour values onty change slightly, indicating that the maximum ion brightness does not
change significantly with current. If one canassume that the brightness corresponds 1o ion density, then the
local iondensitiecs would not significantly change with current. Shice the cathode tip temperature did not
change significantly with current, thelocal current density is probably similar between currentlevels. Also,
since similar conditions exist, the sheathvoltages should be similar - Therefore, since the ions arc primarily
produced from energy obtaimed by thermionic electrons passing through the sheath, cqual to current density
times the sheath volt age for a given length of time, one would expect a correlation between the cathode
temperature and the ion brightness contours. Similatly, the expausion of the contours towards the cathode
base with increasing current also agrees welfwith the cathode temperature results. That is, one would expect
the ion brightness at a specific axial location to increase with an increase iu the cat hode temperature at
that location. Similarly, the cathode temperatures arid the brightness contours expand closer to the cathode
base for the 1.5 kPa tests than for the 3.(1 kPatests as one would expect. However , extreme care must be
uscd in these assumptions because only one energy- level transition is being considered, and the gas may not
bein local therinodynamic equilibrivin. Also, the ionnumber density is not a linecar function of the current
density.



Figure 8: Distribution of the 488 nm Ar 11 line intensity distrib ution at 1400 A and 1.5 kPa for a pure
tungsten cathode.

The cathode emission characteristics for each operating condition were calculated from the measurcd
cathode temperature profiles. First, an average eftective work function, presentedin ‘1'able (1), was calculated
for ecachof the operating cases. The thertnalimage of cach cathode was used to determine the radial edge

Pressure Current (A)
(kPa) 600 1000 1400
1.5 4.1694 41896  4.2045
3.0 4.1166 4.1334 4.1632

Table 1: Experimental eflective work function values for pure tungsten cathode operation.

locatious. These radial values were thenused to compute the surface area forcach axial locationusing a
trapczoidal method. The area of the element at the tip includes both the side area and the tip surface
arca. Using the measured temperature profile, the surface arcas and the total ¢ urrent, the average eflective
work function was calculated. This calculated work function includes both the material work function and
any lowering conditions such as the Schott ky effect. The average cffective work function increases with
increasing current and decreasing pressure. Since the material work function is not expected to change for
pure tungsten, these changes are probably due to changesin the electric field whichin turn produces changes
int he effective work function by t he Schottky effect.

Using the calculated cflective work function, the attachment areas corresponding to 25, 50, 75 and
98 percent of the total current were calculated. The attachment areas for the different enclosed currents and
both pressures arc shownin Fig. (9). All of the arcas increase approximately exponentially with curient.




For cach attachment area and cur rent combination, the cathode temperature, Titich, assuming that all of the
current is from thermionic electron emission, was calculated using the Richardson equation. This temperature
is the value the cathode would have if the at tachinent area had a uniform temperature.  Pherefore these
temperature and area values can be used to compare the experimental results with the quasi-two dimensional
cathode nodel.
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Figure 9: Arc attachmentareas for pure tungstencathode operation.

The correlation betweenthe 48811111 Argonllline emissivity brightness and the calculated cathode current
densities for all of the pure tungsten tests is shownin Fig. (10) The current densitics were calculated us g
the measured cathode temperatures and the eflective work functions talc.ulatccl above and giveninTable (1),
‘The 48811111 brightness values were those one pixelabove thesurface. Thie peaks on the right side of the plot
are from the large brightness values ohserved near the tip. The curvature onthe left side may be acamcra
effect. The brightsiess values for both the 488 nin images and the cathode teinperature images for the left
portion of the graph arc near the detection limit of the camera and therefore may contain significant errors.
All of the values tend to fal onone characteristic curve, Since t hemajor energy source for the ionization
region is from thermionic electrons being aceclerated through t lie sheath, one would expect there to be a
correlation betweent hese values. However, the exact correlation cannot be determined 1)r-cause boththie
<heath voltage andiondensities arc unk nown. A curve fit. to this data yields

In (cags)= 0.6 330 - 0.24878 In (5,) - 0.03680 [In (5,)} (1)

Or

In(jp): -2.418-1 3.84121n(cags) ().4()278 [In (eqas))’ (2)
Modecl Predictions and Comparisons with Experiment s

Near-CathodePlasina Model
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Anillustration of the near-cathode plasma is showninFig. (1 1). The Debye length, mean free path, and
thermal, concentration and moment yin boundary laycrs arc represented by Ly, Lei and L1.¢ M respectively.
For this study, only the surface, sheath, presheath and ionization regions are modeled. In the main body of
the plasina, the current is predominantly carried by the clectrons, while inthe sheath region the 1on current
may dominate. To match these regions an ionization region (which produces the required number of ions
for the sheathregion) is required between the sheath and the main plasimabody. Similarly, a recombination
region exists at the cathode surface to produce a transition to purc electron conduction in the solid. At the
surface,ions arc also converted to neutrals, which thenreturnto the plasma. A complete description of each
region model, the overall near-cathode plasma model and samnple solutions are given in Refs. [8] and {9)].

In general the cathode surface is characterized by the material, the surface finishandtheteinperature.
For this model, the recombination region is assuincd to beinfinitesimally thinand is considered as a surface
effect. Incident particles from the sheath hicat the surface while emitted particles cool the surface. The energy
balance at the surface balances the energy dep osited and removed by the particles with heat conduction into
the solid, and radiative, convective and mass (surface erosion) transporttothe surroundings. The surface
heat flux is the net of the energy deposited from the incident ions and plasina electrons, and the cuergy
removed by the thermionic electrons. The incident ons tire recomb ined and reemit ted as neutrals.

For high cathode temperatures, thermionic emission is the dominant current conduction mechanism in
the near cathode region [12]. ‘Thermionic emission is described by the Richardson.Dushmanrelation [13].
in addition,the surface electric ficld acts to enhance the emission, a phenomenon known as the Schot-
tky effect [13]. Themagnitude of the clectric field at the cathiode sutface is primarily determtned by the
characteristics of the sheath region.

The sheathregion is assumed to contain collisionless particles with constant total energy (potential plus
kinctic). Six species arc considered: ionoenergetic thermionic or beam electrons, singly- and doubly-charged
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Figure 11: Near-catlloctc plasinmaregions.

monoenergetic ions for twomonatomic gases, and Maxwellian elections originating in the plasma [14,5).
Doubly-chargedions were added to a previously developed model [].5,2] becauseit has been suggested that
cathode heating from doubly-charged ions may be significant a low pressures for high-current discharges [13].
I'urther, the sheath thickness is assumed to be much less than the Larmor radii of the particles, and therefore,
magnetic field effects on the particle trajectories arc negligible.

For a stable sheath to occur, the ions must enter the sheath with energies equal to or greater thanthe
Bolum minimuin energy [16]. The jons hiere are assumed to enter the sheath with energies equal to the Bolim
mininum energy which is represented as the Bolim potent ial.  The plast na electrons are assut ned to be
Maxwellian arid referenced to the electron density at the sheath edge. These electrons lall into two  classes,
namcly those with suflicient kinetic €0CLEY o overcome the sheath retarding potential and reach the cathode
surface and those withinsuflicient energy that arc repelled back to the mainplasma  The corresponding flux
of the high energy clectrons constitutes the plasina electron current. The one-dimensional Poisson charge
cquation is used to describe the electric field andthe electric potential

The 1onization and presheath regions connect the sheath region with the main plasina body [17] [13].
The purpose of the presheath region is to accelerate thejons so that they enter the sheath region with the
minimum energy required for a stable sheat b (Bolin energy) [16]. For this model the presheath region is
combined with the ionization zone by requiring that ions leave the iomzation region with the Bohim energ,y.
The jonization region generates the required number of ion and clectron pairs to match the sheath and
main plasma body values. Thie plasmia tenperature is determined from the energy balance and the particle
number densitics are determined by the Saha equation (equilibrium lonization/reco mbination) [5].

The data from thelow-pressure experitnents with the pure tungsten cathode compare well with the model
predictions. The model predictions for a cathode with the same geometry as the experimental ones and a
work functionof 4.35 ¢V [18]are show nin Figs. (12) through (1 5). Thie work function reduction predicted
by the model for t hese operating conditions is about 0.15 ¢V. T'wo types of comparisons were made. The
results for bothcomparisons arc presentedin Table (2) First, the attachiment arca f or the experimental
data was matched to the model attachment area value corresponding to the local minimuim in the eflective
work function. The value of Thich was then determined using the experimental area and the experimental
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Figure 12: Sheath Voltage as a function of cathode temperature for a pure tungsten cathode and a pressure
of 1.5 kPa with current as a parameter.

effective work function. Recall that the experimental eflective work function is deter mined from the cathode
temperature distribution and the total current. The relative differences for the two temperatures arc 0.21,
0.15 and 0.27 percent for 600,1000 and 1400 A, resp ectively. The differences in the effective work functions
were 049, (),10 and 0.20 percent, respectively. Themodel electrontemperatures and sheath voltages arc also
consistent with measured elec tron temperatures and arc voltages. The excellent agrecment between the two
effective work functions indicates that themodel is properly determining the surface clec tric field for the
Schottky effect. The agreement between the temperatures indicates that the Richardson equation is properly
determining the therinionic emission current density and that the majority of the total current is carried by
the thermionic electrons. However, this method dots not produce a repeatable amount of enclosed current.
The enclosed current values fell between 70 and 85 percent for all of the pure tungsten experiments, but
there is no apparent correlat ion between enclosed current percentage and either total current or pressure.
This miethod is capable of predicting cathode operational characleristics since no additional information is
needed.

Forthe scecond comparison, the experimental at tachment arca corresponding to 98 percent of t he enclosed
current was determined. Then the cathode temperat ure in the model was adjusted to give a comparable
attachment area. The relative differe nces for the two temperatures are 0.68,0.89 and 0.94 percent for 600,
1000 and 1400 A, respectively. The differences in the effective work functions were 1 14, 0.63 and 0 46
percent, respectively. Although the differences arc slightly larger for this comparison they are still typically
less than one percent. It was expected that the diflerences with this method would be lower thau for the
first immethod since the cathode conditions for 98 percent of the enclosed current should be closc to those
for the entire cathode (100 percent of the curreut).  The problemn with this techuique, however, is that
the attachment area corresponding to 98 percent of enclosed current is not known a-priori. For predicting
operational characteristics, an additional model, such as an arc coluimm model, would be ueeded to determine
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dmin - Model  Soln. Expt. Data
]tnt ’]‘c Vc 7‘6 Aaltach d’('ﬂ Aaltach dltﬂ 'j‘md‘ Icncl
A) (K (eV)  (an?)  (eV) (ew?) (V) (K) (%)
T 600 3321 8.450 11490 1.5479  4.190 1.5426  4.160 3328 80
1000 3355 7.605 11393 2331  4.194 2497 4190 3360 85
1400 3374 7201 11360 3.086 4196 3.041 4904 3365 75

Area Match Model Solun. Expt. Data

600 3186 7.757 ()8942  3.391  4.217 338 4 169 3208 98
1000 3233  7.047 09103 455  4.216 4564  1.190 3262 98
1400 3218 6.619 ()8876  7.234 4229 7.237 4204 3248 98

Table 2: Modcel solutions and experunental data for the pure tungsten cathode configuration at 1.5 kPa
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the attachment area.

The same two methods we re used for comparisons withthe tests ata pressure of 3.0 kPa. The comparisons
arc presentedin Table (3). Forthe minimum work function comparisons, the relative diflerences between the
modecl cathode temperature and Tiich are 0.84,1.28 and 1.09 percent for 600, 1000 and 1400 A, respec tively.
The differences in the effective work functions were 1.04, 0,76 and 0.112 percent, respectively. For the 98
percent cnclosed current comparison the relative differences between  the model cathode temperature and
Thich arc 0.043, 0.061 and 0.34 percent for 600, 100() and 1400 A, respectively. The differencesinthe effective
work functions were 2.0, 1.76 and1.18 percent, respectively. Again, the model electron temperatures and
sheath voltages are also reasonable for both comparisons.

4’min Model Soln. l‘;X])L Data
]lot 7‘r ‘/C 7‘e Aallhrh ‘f’(-ﬂ Aatlach d‘(»ﬂ flv”id‘ Icncl
(A) (1D ©\)  (an®) (V) (an®) (@)  (K) (%)
© 600 3434  8.696 1.1847 08050 4.160 0812-(" 4117 3405 75
1000 3474 7.793 1.1844 12035 4.165 1.2512 4.133 3430 75
1400 3497 7.369 11864 15845 4.168 15987 4.163 3459 70
Arca  Match ‘Model Solu. Fxpt.  Data
600 3256 7.859 0.8975 2192 4201 2,192 4117 3255 98
1000 3272 7.033 (0.8888 3.582 4.208 3.582 4133 3270 98
1400 3271 6.627 0.8783 5243  4.213 59247 4163 3282 98

Table 3: Model solutions and experumental data for the pure tungsten cathode configuration at 3.0 kPa

The results from the two dimensional model were not significantly diflerent from those of the quasi-
two ditnensional model for the operating conditions considered here. T'hie cathode centerline and surface
temperature for two example cases arc showninFig. (16). As exp ected the radial temperature variations
arc small compared to the axial ones. For al of the model solutions thecathiode temperatures were uniforim
in the arc attachment area. The temperature variation was usnally less than 50 K. Near the tip, the surface
temperature is higher than the centerline value because of the surface heating fromn the arc attachinent. At
the tip the two temperatures are closer because of the arc attachment. Upstream of the attachiyent area the
centerline temperature is higher than the surface temnperat yre because of the radial cooling due to radiation.

A comparison between the experimental data aud two model solutions are shown mFig. (17). Again,
the value of the base temperature was selected to give a reasonable match to the experimental data near the
cathode base. The model was not sensitive to these adjustiments, arid values of 1500 and 2000 K produced
shntlar results, The cathode tip temperatures agree quite well eventhough the model currents were larger.
A's with the previous temperature profile comparisons, the model predicts a faster deerease in the cathode
temperature as one moves towards the cathode base. Although themodel agrees well with the experimental
data, it is still not capable of accurately predicting behavior a other conditions because the attachment arca
and the sheath voltage are not known.

The data from both the pure and thoriated tungsten cathode tests were used to estimate the correlations
between the cathode temperature, the eflective work fulle.tier] and the current density. T'he current density s
shown as a function of the cathode temperature in Fig. (18). T'he continuous lines show the current density
predicted from the Richardson equation for different cffective work functions. Thie symibolsindicate the data
from all of the tests presented in this sec tjoy The cathodes gor this range of op erating conditions appear Lo
operate sucl | that the current density slowly increases with cathode temperature. This trend is significantly
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Figure 18: Current density as a function of cathode temperature

different from what is predicted using the Richardson equation. The pure tungsten data have a shape similar
to the Richardson equation lines over a sinall range, but the thoriated tungsten data do not.

The eflective work function is shown as a function of the cathode temperaturein Fig. (19). The ex-
perimental data and the model predictions using the 98 percent enclosed current area are shown with the
symbols, and agree well. A linear fit to all of the experimental data is also shown. It appears that when
all of the operating parameters, sue]] as attachient area, sheath voltage, electrontemperature and surface
electric field are considered, that there is a lincar relationship between the effective work functionandthe
cathode temperature.

The curved lines in Fig. (19) arc predictions from the maodel using the minimum effective work function
point discussed previously. Although these model predictions have the same shape arid similar slopes, they
predict higher cathode temperatures for a given eflective work function value than y,g observed inthe
experiments. This further confinns that the minimum eflc:ctive work function point may represent an upper
bound on the operation, but dots riot represent the average values. That is, for some of the operating
points, the conditions near the tip where the cathode temperature is the largest, may be represented by the
minimum effective work function poiut. Therefore, this method may be useful for predicting operation at
the hottest or highest erosion location of the cathode.

T'he primary erosion mechanisms for steady-s(ate cathode operation arc dependent on the cathode op-
crating environment. I'or jJow discharge pressures where t he gas t rausport processes can be neglected, the
evaporation rate can approach the vacuum evaporation rate. As the pressureis’increased, the gas transport
process become increasingly important and the erosion process is diflusion- limited. The prescnce of' oxygen,
even in smal quantities, can significantly increase the erosion rate through the formation of volatle t ungsten
oxides. Tests performed by Polk [19] mecasured erosion ratesthat were approximately an order of maghitude
less that the rates predicted by the vacuum evaporation rate indicating that diffusion processes were present.
These tests also revealed an order of magnitude increase in crosion when poorer gas purity was used.
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The vacuuin evaporation rate was used as an upper bound prediction for these experiments [19]. The
vacuum evaporat ionrate for tungsten is strongly dependent 011 the cathode teinperature. For the thoriated
tungsten cat hode tests the cathode teinperatures were typically 2600 2800 K which correspond to erosion
rates of 0.00900.113 yig/cin?s while the pure tungsten cathode tip temperatures were typically 3400 3600 K
which correspondto erosion rates of 81- 167 jig/cin?s. Therelore, afactor of 1.3 increascin cathode temnper-
ature produces roughly a factor of 1500 increase in erosion rate. ‘The vacuum evaporationrates for the pure
tungsten cathodes are shown in Fig. (20). For each temperature profile, the local evaporation rates were
calculated and then combined with the local surface areas to predict the total cathode erosion. The total
cvaporation rates increase With current but do not appear to be pressure dependent as seenin Fig. (20).
Recall that increasing the current anti/or decreasing the pressure resulted in anincrease in the arc attach-
ment area and anincreascein the overall cat hode temnperature. For the pressure increases, however, the tip
temperature decreased slightly. Theincrease inthe temperature and erosionrates towards the cathode Last
appear 0 be offset bY the cathode temperature and crosion rate decreases at the cathode tip. Although
the cathode t ip area is smaller, the tempera tures were the greatestand therefore temperature changes here
would have a larger effect on the erosion rate. The total inass lost during the pure tungsten cathode tests
was 2.098 gin19.12 hours withan average current of 961 .3 A for anaverage mass loss rate of 110 mng/hr.
The vacuum cvaporation rate prediction for this operation was 4 841 g which is a factor of 2.31 higher than
the actual mass loss.

A cknowledgements

The rescarch describied in this paper was conducted atthe Jet Propulsion Laboratory, California Institute
of Tech nology,under a contract with the National Acronautics and Space Administration.

The author would like to thank Jay Polk and John Brophy for the technical advice arid Bill Thogmartin,
Bob Toomath and Al Owens for their technical assistance with the cathode test facility.

19



T
> argon
~ pure tungsten
> 100
P 9.
o 8
g 74
3 64
[} |
— 5 |
. ’ Pressure
> 44 (kPa)
- | -0 -1.5
5, 3 - F1-3.0
© )
=
S AR TVY T TTYYTTTrTY
ﬁwm—rw'
600 800 1000 1200 1400
Current (A)
Figure 20: Cathode evaporation rates for pure tungsten cathode tests
References

(1

(2]

(3]

(4]

J. K. I'elk, A. J. Kelly, and R.G.Jahn. Mechanisins of Hot Cathode Frosion in MPD Thrusters. In
21* Infcrnational Flectric Propulsion Conference, Orlando, 11,1990, Al AA-90-2673

K. D. Goodfellow and J E.Polk. High Current Cathode Thermal Behavior, Part 10 'T'heory. i 23" ¢
International Electric Propulsion Conference, Seattle, WA,1993. 1PC 93-030.

K. D.Goodfellow and J. E.Polk. Fheoretical Operation of Solid Rod Cathodes.In 30%” Joint Propulsion
Conference,Indianapolis, IN, 1994. ATA A 94-3132.

K. D. Goodfellow. Theoretical Investigation of Cathode Operation in High-Power Annmmonia Arcjets. In
31°* Joint Propulsion Conference, San Diego, CA, 1995. AIAA 953061,

K. D. Goodfellow. A  Theorctical and Eiperimental Investigation of Cathode Processes wm Electiic
Thrusiers. I’"hD thesis, Universi ty of Southern California, Los Angeles, CA, USA, 1996,

J. E. Polk and K. D. Goodfellow. High Current Cathode Thermal Behavior, Part 11: FExperiments. In
23" International Eleciric Propulsion Conference, Seattle, WA, 1993.1E PC 93-029.

J. E.Polkand K. D.Goodfellow. Experimental Investigation of Solid Rod Cathode Operation. In 30t
Joint Propulsion Conference, Indianapolis, IN, 1994. ATAA 94-3131.

K. D. Goodfellow and J E.Polk. Experimuental Verification of a High-Current Cathode Thermal Model.
In 31°t Joint Propulsion Conference, San Diego, CA,1995. AIAA 953062.

S. 1. Sudharsana. The Abel Inversion of Noisy Data Using Discrete Integral Transforms. MS Thesis,
The University of Tennessee, Knoxville, Knoxville, 'N, USA, 1986.

20



10]

1)

14]

15]

16]

D.P.DeWitt and G. 1). Nutter. Theory and Practice Radiation Therm ometry. John Wiley and Sons,
New York, NY, 1988,

M. Ccerezo. Jet Propulsion Laboratory / Califor nia Institute of Technology, Op tical Standards Group,
Pasadena, CA, 1996. Private Communication

D. Q. King. Feasibility of Steady-State Multi-Megawatt MPD Thrusters. In 18" International Electric
Propulsion Conference, Alexandria, VA, 1985. A 1AA 85-2004,

W. Neumann. The Mechanism of the Thermocmitting Are Cathode. Akademice-Verlag Press, Berlin,
Germany, 1987,

I". D.Prewett and J. E. Allen. The Double Sheath Associated witha not Cathode. Proceedings of the
Royal Soctety of London, 348:435-446, 1976

K. D. Goedfellow, T. J. Pivirotto, and J. E. Polk. Applied-Field Magnetoplast nadynamic Engine
Developments. in 28 Join ¢ P1opulsion ConferaeC, g vie TN 1992, AIAA 92-3293.

D. Bohim. The Charactleristics of Flectrical Discharges in Magnetic Plasma. McGraw-Hill, New York,
NY. 1949.

W. L.Badeand J. M. Yes. Arcjet Technology Research and Development-Final Report. Technical
Report NASA CR-54687, AVCO Corporation, Wilmington, MA 1965,

V. S. Fomenko and G. V. Samsonov. Handbook of Thernionic Proper ties. Plenum Press, New York,
NY, 1966.

J E.Polk. Mechanisms of Cathode Erosionin Plasma Thrusters. PhD thesis, Princeton University,
Princeton, NJ, USA, 1996.



